In this paper the ionization associated w ith afterglow ing nitrogen is exam ined more thoroughly than has y et been done. I t is found th a t this ionization is com pletely cut off if the testing vessel is separated from th e afterglow b y a silica wall. The ionization cannot therefore be directly produced by light, at any rate w ithin the range from A 1850 to the visible. N o increased current is observed when the surface action o f the active gas is so vigorous as to m ake the testing cathode (of gold) red hot.
I ntroduction
In early papers (Strutt 1911 (Strutt , 1912 it was shown th at a strong ionization current can be observed between electrodes immersed in the nitrogen afterglow. The current collected was found to be very much smaller than would correspond to the electrochemical equivalent of the active material, as determined by chemical methods. It was shown by a variety of con siderations that this current is not due to the survival of ions from the generating discharge. For example, other gases do not give any appreciable ionization current under similar conditions. It is only obtained in presence of the peculiar nitrogen afterglow. Other phenomena to be presently discussed (see § 6 below) are equally conclusive on this point.
In this work I had taken it for granted th at since the luminous pheno mena obviously originated in the volume of the gas, the ionization also originated there. Constantinides (1927) found th a t using clean brass electrodes, arranged as concentric cylinders, the saturation current was greatest when the outer electrode was negative, and th at the current was proportional to the area of the negative electrode. He concluded from this th at the effect originated at the negative electrode. He left it open whether this was simply due to photoelectric action on the electrode by the light given off by the glow, or whether it was due to the liberation of electrons by the direct action of impinging atoms.
T est for a photoelectric effect
To test as far as possible whether there was any direct photoelectric effect on the electrodes, or rather the negative electrode, the following experiment was tried.
Further studies on active nitrogen 141 A 5 1. globe as shown (figure 1) was arranged with a silica tube about 1 mm. thick, and 18 mm. inside diameter, projecting right into it as shown, to a distance of 15 cm. The silica tube was smeared internally with metaphosphoric acid to make it conducting, and contained a central electrode of brass wire, insulated from the coating. The central electrode and the phosphoric coating were connected up in series with battery and electro meter, the latter used as a galvanometer with a high-resistance leak to earth, so that 1 scale division deflexion represented 1-44 x 10~u amp. The gas pressure both inside and outside the silica tube was 0-2 mm., but these spaces were not in communication, except by the light, visual or u ltra violet, getting through the walls of the silica tube. I t was proved in an independent test that the walls as coated with metaphosphoric acid were in fact transparent as far as the aluminium line A 1850. If the action had been due to light within this limit, it would have had almost as good a chance of acting as if the silica tube had been away.
When the globe was filled with very bright nitrogen afterglow, not the slightest deflection of the electrometer could be detected. If the silica tube had been absent, and the glowing gas had had direct access to the brass electrode, an enormous effect would have been produced, certainly not less than 104 times any that can in fact have been present, and probably very much more still. I conclude, therefore, th at direct photoelectric action by any wave-length greater than A 1850 is excluded. There is still of course the possibility th at photoelectric effects by smaller wave-lengths than this might be operative. Such wave-lengths would not get through the silica tube. There is no evidence however th at active nitrogen emits these shorter wave-lengths.
A GOLD CATHODE GIVES NO INCREASED IONIZATION WHEN CAUSED TO GLOW IN ACTIVE NITROGEN
I t was shown previously (Rayleigh 1940, p. 16 ) th at gold and other metals can become red hot in active nitrogen. When this occurs it may be assumed that the action of the gas on the surface is at its maximum, and if the ionization were in the main due to the emission of electrons in a surface action it would be expected to increase greatly when the gold becomes red hot.
The arrangements used for the experiment to test this point are shown in figure 2. In this and other cases where the afterglow is to be examined in presence of metal surfaces, it is impracticable to use the method, much preferable on other grounds, of stopping the discharge, and making all measurements on a supply of active nitrogen generated before the measure ments begin. In the presence of glass surfaces only, either clear or, better, coated with sulphuric or phosphoric acid, and where the activity of the gas does not need to be very high, this method can be used. But when a supply of strongly active gas is required to be kept up, or when the active gas is exposed to other kinds of surface, more particularly metal ones, a rapid loss of activity cannot be avoided, and this method ceases to be easily applicable. I t becomes necessary to keep up the supply of active gas, generating it while the experiment is in progress. This is' conveniently done in a smaller bulb in permanent connexion with the larger one. The electrodeless discharge is kept going in the smaller bulb, the inner walls
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Further studies on active nitrogen 143 of which are of course of clear glass, uncoated, and the glowing gas passes into the larger bulb by diffusion. A piece of gold foil about 1*5 sq. cm. total area (both sides included) was placed in the centre of a 5 1. bulb (figure 2). I t was attached by means of a rather fine platinum wire, the two ends of which were brought to the outside. The inside of the bulb was coated with metaphosphoric acid, and this and the gold wire were joined up in circuit with a 9 V battery and a galvanometer. When the bulb was full of active nitrogen generated in the smaller bulb (300 c.c.) which was joined to it, the gold did not as a rule become red hot immediately, and the current could be measued while it was dark. The gold could then be started glowing by momentarily heating the wire by which it was suspended by a current. Once started, the action continued spontaneously. The ionization current between the gold and the coating of the bulb could then be measured again with the gold glowing.
After a short rest the gold usually became inactive again, and the observations could be repeated.
The following were the results at various gas pressures: I t will be noticed th at when the gold started glowing the current was always diminished. The experiments therefore do not encourage the idea th at the ionization is due to the emission of electrons by the imparting of energy to the metal by the active gas. When energy is being vigorously imparted, as evidenced by the metal getting red hot, the current is not increased, but diminished. It may naturally be asked why this should be the case. I t could be anticipated if the ionization is regarded as a volume effect in the active gas; for if the activity is being drawn upon to make the metal red hot, there is naturally less of it left in the gas. This is illustrated by the fact that the afterglow light becomes dimmer. In the last of the experiments cited, at the lowest gas pressure, the afterglow light was almost extinguished when the gold became red hot.
Comparison of d if f e r e n t electrode metals
The most obvious criterion for deciding whether the action which produces ionization is in the main at the surface of the cathode is to sub stitute cathodes of different materials, and determine whether or no this affects the current produced. In the case of the photoelectric effect, for example, this criterion at once shows th a t we have to deal with what happens at the surface, although when it comes to obtaining definite and specific data about different surfaces, the problem has proved far from easy. However, the enormously greater effect of the electropositive metals when they have clean surfaces is easily established.
The arrangement used in the case of active nitrogen is shown in figure 3 . The active nitrogen is produced in the small bulb on the right. The large bulb acts as a reservoir. I t produces a steadying effect against the irre gularities of the discharge, and removes the latter from too near the neighbourhood of the measuring vessel. The vessel is of ebonite, closed at the ends by metal plates, which are made airtight with plasticene applied at the outside.
These plates are in general of two different metals. They are connected up with an 18 V battery and a sensitive galvanometer, with a commutator arranged so th at either plate can be made negative. The experiment is then directed to see whether any notable change in the current occurs on commutation. If negative electrons emitted from the cathode play an important part in the ionization, the metals should differ, and a larger current should be obtained from one metal used as cathode than from the other.
As a standard, rustless ('Staybrite') steel was generally used as one of the plates, and another metal compared with it. The metals were carefully cleaned with emery paper or otherwise, before putting them in, and touching with the fingers was avoided. Some of the metals were not available in
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Lord Rayleigh the form of thick plates suitable to stand the atmospheric pressure. In such cases a second rustless steel plate was used, and a disk of the metal to be tested was allowed to rest on it inside the vessel. When it was desired to test a metaphosphoric acid coating, this coating was applied to a rustless steel plate.
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The following table gives the comparative results, the current with ' Staybrite ' steel cathode being u nits: The above results are given as representative of a good many experi ments th at have been made. The results with a given metal were not closely recovered in successive experiments, and the method with spark excitation and its inevitable variation is not capable of giving anything but rather rough results.
I t may be said generally that the majority of metals do not give a result notably different from rustless steel used as the standard, and in particular th at the coating of metaphosphoric acid behaves like these metals. I t would be strange if these varied surfaces all gave off electrons to a closely comparable extent under active nitrogen, and the natural inference is th at none of them do so to any important extent, and that the ionization has its origin in the gas space.
The case of copper (and brass which contains copper) is different. This metal when clean is several times more active than steel. But, if the test is continued, it gradually goes down to approximate equality with it. This was attributed to the action of active nitrogen on the metal surface, which, after the experiment, was found to be no longer bright, as it had been initially. Like the photoelectric effect of zinc, this action of copper requires a clean surface. The experiment was repeated several times, starting in each case with a newly cleaned copper surface, and continuing the run till it had become about equal to the steel, so th a t no im portant change was observed on commutation. Thin copper foil allowed to become red hot in active nitrogen is left clean with a red spongy surface like an electro lytic deposit (Rayleigh 1940, p. 17) . The formation of a film, presumably nitride, occurs at a lower temperature, and clears off if the copper gets hot, leaving the surface spongy.
Another experiment tried with the same general arrangement was to compare a cathode of perforated zinc, backed closely by sheet glass, with a cathode of continuous zinc sheet. The area of the former was only about half th at of the latter, but no appreciable difference was observed between them. This again tells against there being any im portant surface effect with zinc. 5
Comparison op light quanta em itted w ith n u m b e r OF IONS PRODUCED
I t is evidently of importance to compare the number of light quanta emitted by the afterglow per cubic centimetre per second with the number of ion pairs emitted. In this way it can be determined whether the pro cesses of light emission and of ionization are necessarily bound up together or not.
The method of experimenting was to observe the afterglow photoelectrically in a 51. globe, coated with metaphosphoric acid, and to measure the ionization in an annexe vessel with coaxial cylindrical electrodes (figure 4). These electrodes are of metaphosphoric acid smeared on glass, and each making contact to a platinum wire carried through. In this case the afterglow was generated in another globe altogether separate, and was admitted beforehand by the tap at the top, which was closed while the experiment was in progress. The glow took a time comparable with 1 hr. to decay over the range examined.
Preliminary experiments, which it is hardly worth while to describe in detail, showed th at the intensity of the glow' in the annexe remained in a constant ratio to the intensity in the main vessel, and approximately in the same ratio as the respective depths in the direction of vision. I t is assumed, therefore, that the brightness (number of quanta emitted per
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Lord Rayleigh cubic centimetre per second) is the same in the main vessel as in the annexe. This results from the free diffusion at low pressures. The reason for using an annexe rather than carrying out both measurements in the same vessel is that for viewing faint lights a large volume is desirable, while for measuring saturation currents satisfactorily we require the small volume and short electrode distance.
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Figube 4 (£ actual size)
To determine the absolute luminosity in the bulb, it was necessary to calibrate the uranium photometer. This was done by observing with it a surface of magnesium oxide illuminated by light of known metre-candle value. A standard lamp was used of 0-735 c.p. at 10 m. Glass no. 12 equalized the lights. According to these data the brightness of the magne sium oxide is 6-0 x 10-8 candles per sq. cm., and of the uranium 3-79 x 10" 9 candles per sq. cm. I t was with the latter th at the afterglow bulb was compared. The thickness looked through was 23 cm. When this matched the uranium, the brightness of the gas was 1-65 x 10-10 candles per c.c. Assuming th at the afterglow light is concentrated at the most luminous part of the spectrum (A 5560) (on this point see Rayleigh 1940, p. 2), this represents 1-65 x 10~10 x 2'02 x 10~5 or 3-33 x 10-5 erg/sec./c.c. The quantum at this frequency is 3-57 x 10~12 erg. Accordingly the above emission amounts to 3-33 x 10_5/3-57 x 10~12, or 9-33 x 106 quanta/c.c./sec.
The saturation current between the inner and outer cylinders was deter mined by using as before a Lindemann electrometer with an alcohol xylol resistance of 1-1 x 109 ohms, through which the charge could leak away to earth. This resistance had been determined by a direct deflection method, applying 100 V. 1 division deflexion of the electrometer represented 1-39 x 10_n amp. I t was necessary to pay constant attention to the position of the zero, which was determined after each reading. The volume of the space between the electrodes was 42*5 c.c.
The calculation of an experiment may be given. The intensity was 126 times the uranium unit. This represents 126 x 9*33 xlO 6 or T18xl0 quanta/c.c./sec.
The current was 62-6 x 1 0 '11 amp., or 1-47 x 10-11 amp./c.c. of gas space. Taking the charge on an ion as 1*59 x 10~19 coulombs, this means 1-47 x 10~U/T59 x 10-19 or 9-26 x 107 pairs of ions/c.c./sec.
Thus the number of quanta/number of ion pairs 1*18 x 109/9*26 x 107 or 13 quanta for every pair of ions produced.
With this example the series of results may now be given. The glow was allowed to decay over a wide range, one observer noticing when it passed a certain brightness, and another taking the current reading at the same moment. The following are the means of two very concordant runs: I t appears therefore th at the number of quanta at first exceeds the number of pairs of ions generated by a considerable multiple, but th a t as the glow decays this multiple becomes less, and towards the end of the set of observations it does not differ much from unity. H ad it been pos sible to deal with smaller intensities and currents a stage would probably have been reached when the number of ion pairs would have exceeded the number of quanta.
Reviewing these results, the observed facts may be expressed by saying th at the ionization decays much more slowly than the luminosity, and consequently gains in relative importance as the decay proceeds. Over the extreme range the light varies as 126 to 1. The square root of this ratio is IT 2. The ionization varies in the ratio 10*6 to 1. Thus it would not be far from the truth to say th at the ionization is as the square root of the luminosity, though I consider that this law is suggested rather than proved.
If the ionization were part of the normal process involved in production of the glow, it might be expected th at these two processes would proceed pari passu. For example, it might be thought likely th a t one pair of ions would be produced for every light quantum th at was emitted; or, if not this, th at some other small multiple or submultiple would be maintained. Although during part of the decay process the ionization is of this order of magnitude, yet nothing like an invariable ratio is preserved, the ratio quanta/ion pairs changing from 13 to IT over the observed range of decay. I t is concluded th a t the process leading to ionization is not the same as th at leading to light emission. I t has been shown (Rayleigh 1940, pp. 8-10) th at the light emitted is as the square of the concentration of the active material, if the concentration of inert nitrogen is constant.
If we take it th at the ionization is as the square root of the light emission and combine these results, it appears th a t the ionization is as the first power of the concentration of active material, other conditions being constant.
6. R esult of a d d in g in e r t n itr o g en I t was shown, originally by Kneser (1929) and later by myself (1940), th a t the nitrogen afterglow was temporarily increased in intensity if, in the course of its decay, inert nitrogen is added. I t was of considerable interest to determine whether or not this would produce an increase in the ionization. For this experiment a 5 1. globe was used coated internally with metaphosphoric acid. An electrode, also of glass coated with metaphosphoric acid, protruded into it. This was connected to the electrometer used with a high resistance, and an e.m.f. of 9 V was applied to the outer coating.
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The bulb was filled with glowing nitrogen at 4 x 10~3 cm. pressure, and the generating vessel shut off by a stopcock. When the intensity had decayed to a convenient point readings were started. They are shown in figure 5 . After 7 min. the pressure was increased from 4x 10~3 to 10-5 x 10~3 cm., i.e. 2*6 times. At 8 min. the current was 2.4 arbitrary units, and extrapolating from its previous trend it is estimated th at its value would then have been 10 units if the addition of gas had not been made. Thus the increase of current is 2-4 times, i.e. in about the same ratio as the increase of pressure. I t is quite certain therefore th at the ionization is increased by increase of inert nitrogen concentration, and the indication is th at it is also increased in the same ratio.
To sum up it seems probable th at the ionization is directly as the con centration of the active material, the concentration of inert nitrogen being constant; and also that it is directly as the concentration of inert nitrogen, the concentration of active material being constant. The natural conclusion would be th a t ionization results from single collisions between active centres and nitrogen molecules.
The afterglow intensity, on the other hand, is as the square of the concentration of the active centres, the inert nitrogen concentration being held constant: while in respect of inert nitrogen concentration it behaves like the ionization, th at is, it varies as the first power of the concentration of inert nitrogen, if the concentration of the active material is not varied (Rayleigh 1940, pp. 6-8) .
The ionization process and the afterglow process are thus considered in some measure independent. Nevertheless, the ionization effect has an important bearing on the question of the energy of active nitrogen. The ionization potential of the nitrogen molecule is 15-51 V, and unless some process of multiple excitation is involved, the active centres which are in collision with nitrogen molecules must have this amount of energy, or something very near it in order to produce ionization. This is much greater than the energy of 9-6 V attributed to active nitrogen on spectrographic grounds (Saha and Mathur 1936) . I t seems to me th at those who have discussed the active nitrogen problem mainly from the spectroscopic point of view have ignored the ionization phenomenon too much. I t may have been supposed th a t this was entirely subordinate, but the present work shows th at the ionization may under some conditions involve as many atoms as the light emission.
I have received valuable help from my assistant, Mr R. Thompson, in these investigations.
